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a b s t r a c t
During neurogenesis, conserved tissue-speciﬁc proneural factors establish a cell's competence to take on
neural fate from within a ﬁeld of unspeciﬁed cells. Proneural genes encode basic helix-loop-helix
transcription factors that promote the expression of ‘core’ and subtype-speciﬁc target genes. Target
genes include both pan-neuronal genes and genes that aid in the process of reﬁnement, known as lateral
inhibition. In this process, proneural gene expression is increased in the neural progenitor while
simultaneously down-regulated in the surrounding cells, in a Notch signalling-dependent manner. Here,
we identify nemo (nmo) as a target of members of both Drosophila Atonal and Achaete-Scute proneural
factor families and ﬁnd that mammalian proneural homologs induce Nemo-like-kinase (Nlk) expression
in cell culture. We ﬁnd that nmo loss of function leads to reduced expression of Notch targets and to
perturbations in Notch-mediated lateral inhibition. Furthermore, Notch hyperactivity can compensate
for nmo loss in the Drosophila eye. Thus nmo promotes Notch-mediated lateral inhibition downstream of
proneural factors during neurogenesis.
& 2014 Elsevier Inc. All rights reserved.
Introduction
A functional nervous system is composed of hundreds of
different neuronal subtypes, from motor neurons to photorecep-
tors, and is staggering in complexity. During the early stages of
neurogenesis a conserved class of transcription factors called the
proneural proteins are expressed in cells destined to take on
neural fate. These transcription factors are necessary and sufﬁcient
to transform ectoderm into neural progenitors and to integrate
positional information to commit these cells to subtype-speciﬁc
differentiation (Bertrand et al., 2002; Kiefer et al., 2005).
There are two major structural families of proneural factors: the
Atonal (Ato) family and the Achaete-Scute complex (Asc) family. In
Drosophila the Ato family founding member Atonal speciﬁes photo-
receptors and internal sense organs while the Asc proteins, Achaete
and Scute, are responsible for specifying external sense organs (Cubas
et al., 1991; Jarman et al., 1993). Proneural factors contain a basic-
Helix-Loop-Helix (bHLH) domain, which is essential for their hetero-
dimerization with the ubiquitously expressed bHLH E-proteins;
Daughterless (Da) is the only E protein present in Drosophila
(Bertrand et al., 2002; Kiefer et al., 2005). Together they form an
active complex that interacts with DNA at conserved E-box binding
sites containing a core CANNTG motif to promote target gene tran-
scription (Bertrand et al., 2002; Kiefer et al., 2005).
Neurogenesis progresses in a stereotypical stepwise manner
independent of neuronal subtype or the speciﬁc proneural family
expressed. It initiates with uniform proneural factor expression in
groups of ectodermal cells called ‘proneural clusters’. These
clusters are rendered competent to take on neural fate via the
expression of ‘core’ neurogenic targets downstream of proneural
factors (Bertrand et al., 2002). An essential role of proneural
proteins is to then restrict their own expression within a proneural
cluster to a single progenitor cell by a process termed ‘proneural
reﬁnement’. A complex network of genetic interactions reﬁnes
proneural clusters into individual neural progenitors, the heart of
which relies on Notch (N)-mediated lateral inhibition (Bertrand
et al., 2002). Early during neurogenesis, proneural clusters express
both the N ligand encoded by Delta (Dl) and the N receptor equally.
Dl binds N in adjacent cells leading to the cleavage and nuclear
translocation of the transcriptionally active intracellular domain of
N (Nicd). So long as ligand and receptor levels are uniform,
N-signalling is uniform in proneural clusters; however, a minor
elevation in Dl levels in a single cell leads to a bias in N signalling,
stimulating it in neighbouring cells (Doroquez and Rebay, 2006). In
these cells, Nicd activates the E(spl)-C target genes, which encode
factors that repress proneural factor expression. Dl is an example of a




0012-1606/& 2014 Elsevier Inc. All rights reserved.
n Corresponding author. Fax: þ1 778 782 5583.
E-mail address: everheye@sfu.ca (E.M. Verheyen).
Developmental Biology 392 (2014) 334–343
‘core’ proneural target; therefore, reduced proneural factor expression
results in reduced Dl expression further amplifying the difference in Dl
levels between cells and leading to stronger suppression of proneural
factor expression and neural fate via E(spl)-C proteins in neighbouring
cells (Bertrand et al., 2002; Doroquez and Rebay, 2006). This conserved
mechanism serves to ensure robust selection of a single neural
progenitor from among several competent cells.
The conserved Nemo-like-kinases (Nlks) have been implicated
in numerous patterning and signalling processes throughout
development (Braid et al., 2010; Chiu et al., 2011; Choi and
Benzer, 1994; Ju et al., 2013; Mirkovic et al., 2011; Yu et al.,
2011). In a recent screen aimed at uncovering Ato transcriptional
targets in Drosophila, Aerts and colleagues identiﬁed E-boxes in
the second intron of the Drosophila nlk, nemo (nmo), which
conformed to the Ato E-box consensus sequence (Aerts et al.,
2010). Furthermore, they showed that a genomic fragment con-
taining a subset of these predicted Ato E-box binding sites is able
to drive GFP reporter expression in Ato-speciﬁc proneural
domains, in support of nmo being a transcriptional target of Ato
(Aerts et al., 2010). Here we show that nmo is expressed not only in
Ato-speciﬁc proneural domains but also in Asc proneural domains
during larval development. Loss of either Ato or Asc family
members leads to proneural domain speciﬁc loss of nmo expres-
sion, while overexpression of members of either proneural family
induces ectopic nmo expression. We identify multiple putative Asc
E-box binding sites in nmo's second intron, and for a subset of
these along with the previously identiﬁed Ato-E-box binding site
show proneural factor-E-box speciﬁc binding in vitro. Further-
more, we show that vertebrate proneural orthologs, Atonal homo-
log 1 (Atoh1) and Achaete-Scute complex homolog 1 (Ascl1) both
induce Nlk expression in mouse embryonic ﬁbroblasts (MEFs)
showing that this is a conserved relationship.
We also report that Nmo loss of function results in neuronal
duplications caused by impaired proneural reﬁnement whereas Nmo
and Nlk gain of function suppress neural fate. Nmo LOF phenotypes
are reminiscent of impaired N signalling (Baker and Yu, 1997; Bang
and Posakony, 1992; Ligoxygakis et al., 1998; Mummery-Widmer et al.,
2009; Schweisguth and Posakony, 1994) and indeed, we ﬁnd that
canonical N targets are reduced in nmo mutant tissue. Furthermore,
Notch hyperactivity is sufﬁcient to rescue defects in proneural reﬁne-
ment caused by loss of nmo, and conversely, loss of nmo suppresses N
hyperactivity phenotypes. In summary, we identify nmo as a con-
served proneural target, which promotes proneural reﬁnement via
N-mediated lateral inhibition during neurogenesis.
Materials and methods
Fly stocks and genetics
The following mutant and transgenic ﬂies were used in this
study: w;; nmoDB24/TM6B (Zeng and Verheyen, 2004), w;; FRT79,
nmoDB24/TM6B (Zeng and Verheyen, 2004), w;; nmoP/TM6B (Choi
and Benzer, 1994), UAS-nmo RNAi; (VDRC 104885), w;; UAS-Ato/
TM6B (a gift from Yuh Nung Jan), w; UAS Nicd; (a gift from Spyros
Artavanis-Tsakonas), w; UAS-H RNAi; (VDRC 110046), w; UAS-
nmoC51e; UAS-nmob27(Verheyen et al., 2001), ywhsﬂp,tub-GAL4,
UAS-GFP,6X MYC-NLS; UAS-yþ ;tub-GAL80,FRT2A/TM6B (MARCM
79, A gift from Gary Struhl), hsﬂp;; GFP,FRT79/TM6B (Bloomington
stock center),;Ptc-GAL4; UAS-GFP, nmoP1/TM6B, UAS-dcr2; Mirror-
Gal4/TM6B,;UAS-nmoRNAi; (VDRC v101545), w; hsﬂp; Act4CD24-
Gal44GFP/ SM6TM6B, Tb (A gift from Bruce Edgar), In(1)ac3,
sc10-1 ac3 w1 s1/FM7i, P{ActGFP};; (Bloomington stock center),;UAS-
scute; (Bloomington stock center),;UAS-achaete; (Bloomington
stock center),;;Dl-LacZ (Bloomington stock center),;;UAS-GFP,
EyFlp1, tub-GAL4, FRT82, tub-GAL80/TM6B (eyﬂp-MARCM 82, a gift
from Bruce Edgar),;;FRT82B,ato1/TM6B (a gift from Bassem Has-
san),;Nmo-GFP-FLAG; (encoded by an insertion of a genomic BAC
containing the entire nmo locus, which has been recombineered to
express a GFP fusion protein; Bloomington stock center; Spokony
and White, 2012), UAS-Atoh1 (a gift from Bassem Hassan),;UAS-
Nmo-kinase dead; UAS-Nmo-Kinase dead,;UAS-human NLK/Cyo;,
UAS-human NLK-kinase dead/Cyo; (gifts from Janghoo Lim);Sca-
Gal4; and;;nmoP, FRT82B, ato1/TM6B.
LOF clones and MARCM clones were generated by heat-
shocking ﬁrst instar larvae at 37 1C for 1.5 h and incubating them
at 25 1C until dissection. Misexpression ﬂip-out clones were
generated by heat-shocking ﬁrst instar larvae at 37 1C for 15 min
and incubating them at 25 1C until dissection.
Immunocytochemistry
Wandering third instar eye imaginal discs were dissected in 1X
phosphate-buffered saline (PBS), ﬁxed in 4% paraformaldehyde,
blocked in 5% normal donkey serum and stained using standard
protocols for all antibodies with the exception of mouse anti-E(spl)
mAb323, which following the overnight 11 incubation at 4 1C, was
rinsed 3X with cold PBTX and incubated with 21 antibodies for 2 h
at room temperature. Discs were then rinsed 3X with cold PBTX
and mounted immediately.
The following primary antibodies were used in this study: mouse
anti-Ac (1:10) (DSHB), mouse anti-β-Gal (1:2000) (Invitrogen), mouse
anti-E(spl) mAb323 (1:1) (A gift from Sarah Bray), rabbit anti-Ato
(1:1000) (A gift from Yuh-Nung Jan), guinea pig anti-Ato (1:1000) and
guinea pig anti-Sens (1:1000) (gifts from Hugo Bellen). Secondary
antibodies were FITC anti-mouse, FITC anti-guinea pig, DyLight549
anti-mouse, DyLight549 anti-rabbit, DyLight649 anti-rat, DyLight649
anti-guinea pig (Jackson Immunochemicals).
Immunoprecipitation
NIH/3T3 cells were transfected with pCS2-Atoh1 (a gift from B.
Hassan) or pCMV-Ascl1 (full length ascl1 (Vierbuchen et al., 2010)
[addgene#27150] was subcloned into the pCMV vector) using
PolyFectTM tranfection reagent as per the instructions. Cells were
harvested 48 h after transfection and Western blotted using rabbit
anti-NLK (1:200; abcam 97642), mouse anti-β-tubulin (1:1000;
abm) and mouse anti-myc (1:1000;abm).
Protein expression and puriﬁcation
pGex-Da (Singson et al., 1994), pGEX-Sc (Singson et al., 1994),
and pGEX-Ato (Acar et al., 2006) plasmids were used to transform
BL21-pLysS cells. Cultures were grown and induced with IPTG
(isopropyl-β-D-thiogalactopyranoside) and Glutathione Sepharose
4B beads (GE Healthcare) were used to batch purify the GST-
tagged proteins by standard techniques (Singson et al., 1994).
Electrophoretic mobility shift assays
The following complementary 36 bp oligonucleotides contain-
ing a central E box were synthesized by IDT and used in Electro-
phoretic mobility shift assays (EMSAs): nmo AtoE8 50-GTTAA
CTATGTGCAGCAGCTGTTGGACATTTACTTT-30; mutated nmo AtoE8
50-GTTAACTATGTGCAGAAGCTTTTGGACATTTACTTT-3 QUOTE ; nmo
AscE1 5 QUOTE '-CCACCCACCGCCCACCGCCCACCTGCGTACCCCTCC-
3 QUOTE ’; mutated nmo AscE1 5 QUOTE ’-CCACCCACCGCC-
CACCGCCAACCTTCGTACCCCTCC-3 QUOTE ’; nmo AscE2 5 QUOTE
’-GGAGGTGGTAAGCAGCAGGTGTGTGCTGTGTAGAAT-3 QUOTE ’; muta
ted nmo AscE2 5 QUOTE ’-GGAGGTGGTAAGCAGAAGGTTTGTGCT
GTGTAGAAT-3 QUOTE ’; E-boxes are shown in boldface. Mutant
probes have the CANNTG changed to AANNTT. The top-strand
V.M. Fernandes et al. / Developmental Biology 392 (2014) 334–343 335
oligonucleotide was labeled prior to hybridization to the comple-
mentary oligonucleotide, which was included at a 50X molar
excess for duplex formation. The labelling reaction and EMSAs
were performed according to standard techniques (Powell et al.,
2004; Singson et al., 1994). The speciﬁc binding buffer used in
EMSAs was: 10 mM Tris HCl, 1 mM dithiothreitol, and 1mMEDTA,
with 40 mM NaCl. Ato-Da or Sc-Da heterodimers were prepared by
incubating the proteins for 20 min on ice in binding buffer, and
then 70 nM Ato-Da or Sc-Da was incubated with the above
mentioned probes for 30 min on ice. Each binding reaction
mixture was then electrophoresed on a 5% polyacrylamide gel at
14 W for 1hr at 4 1C followed by phosphorimager analysis (Mole-
cular Dynamics).
Results
nmo is expressed in Drosophila proneural domains
The nmo locus spans over 75 kb, the vast majority of which is
contained in its 59.4 kb second intron (Fig. 1A). Using Target
Explorer, an automated tool for identifying putative transcription
factor binding sites (Sosinsky, 2003), we analyzed the nmo locus
for putative Ato E-box binding sites. Our analysis identiﬁed a
total of nine putative Ato-E-boxes distributed across nmo’s second
and third intron (E1-8 in intron 2 and E9 in intron 3; Table S1;
Fig. 1A). These conform to the previously deﬁned Ato E-box
consensus sequence, RACASCTGY (Aerts et al., 2010; Stark et al.,
2007). Aerts et al. performed a similar analysis and demonstrated
that a 754 bp genomic fragment containing E-box E8 (Fig. 1A,
green) is able to drive GFP reporter element (RE) activity in Ato-
dependent proneural domains across several neurogenic tissues;
namely the wing, leg and eye-antennal imaginal discs (Fig. 1B, D
and F) (Aerts et al., 2010). This reporter is hereon referred to as
nmo-AtoRE-GFP.
In order to more fully characterize Nmo’s role in neuronal cell
types, we used two reporters that accurately represent nmo’s
complete repertoire of expression domains at the transcriptional
and protein level: nmo-LacZ (nmoP1, a validated enhancer trap) and
Nmo-GFP (a GFP-protein fusion carried on a genomic BAC) (Braid
and Verheyen, 2008; Choi and Benzer, 1994; Spokony and White,
2012; Yu et al., 2011). By comparing nmo-LacZ and Nmo-GFP with
Fig. 1. nmo is expressed in proneural domains. (A) Modiﬁed target explorer output showing Ato (red) speciﬁc E-box binding sites in nmo’s second and third introns
conforming to the RACASCTGY consensus sequence. All sites contain the core CANNTGmotif. The site validated by Aerts et al. (2010) is shown as E8 (green box). Discs stained
to reveal expression patterns of nmo reporters and Ato (B–G) and Ac (C). (B) nmo-AtoRE-GFP drives GFP expression in Ato-speciﬁc SOPs (Aerts et al., 2010). (C) In the L3 wing
disc nmo-lacZ is expressed in both Asc and Ato derived SOPs (arrowheads) and along the dorso-ventral boundary. (D and E) In the leg disc Ato and nmo-AtoRE-GFP and nmo-
lacZ are co-expressed in the chordotonal SOPs, while nmo-lacZ is also seen in the distal region. (F and G) Expression of nmo-AtoRE-GFP and Nmo-GFP coincide with the
posterior (right) edge of Ato expression at the morphogenetic furrow. Both reporters and Ato are also coincident in the ocelli (arrowheads) and in the antennal disc. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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nmo-AtoRE-GFP, we hoped to gain insight into a broader role for
Nmo during development.
Proneural domains in the wing, leg and eye-antennal imaginal
discs are found in stereotypical patterns, and their dependence on
members of either proneural family is well characterised (Cubas
et al., 1991; Jarman et al., 1993; White and Jarman, 2000). In the
wing disc, Asc-dependent proneural domains that give rise to
macrochaete sensory organ precursors (SOPs) are found in the
presumptive notum and in the anterior compartment. A single
Ato-dependent SOP cluster is present in the anterior ventral disc.
This latter cluster is the only one that shows GFP expression from
nmo-AtoRE-GFP (arrowhead in Fig. 1B and Fig. S1A; (Aerts et al.,
2010). We observed that both nmo-LacZ and Nmo-GFP have
overlapping expression in all the Asc SOPs, as well as in the Ato-
dependent SOP in the anterior ventral disc (Fig. 1C). nmo was
previously shown to be a Wingless target (Zeng and Verheyen,
2004) and consistent with this, both nmo-LacZ and Nmo-GFP are
expressed in two stripes ﬂanking the dorso-ventral boundary in
the wing pouch (Fig. 1C).
In the leg disc, a large cluster of Ato-dependent SOPs in the
presumptive femur region give rise to the chordotonal organ (Jarman
et al., 1993). Here too, nmo-LacZ and Nmo-GFP expression overlap with
that of Ato, as does GFP expression from nmo-AtoRE-GFP (Fig. 1D and E
and Fig. S1B; Aerts et al., 2010). nmo-LacZ and Nmo-GFP are both also
expressed in the distal region of the leg disc, which lacks nmo-AtoRE-
GFP expression (Fig. 1D and E and Fig. S1B).
In the antennal disc, all three reporters are coincident with
the Ato-speciﬁc proneural domain that gives rise to the John-
ston’s organ (Fig. 1F and G and Fig. S1C). In the eye disc, the ocelli
and founding R8 photoreceptors arise from Ato-dependent pro-
neural domains. Photoreceptor neurogenesis occurs in a progres-
sive wave that sweeps across the eye disc from posterior to
anterior, called the morphogenetic furrow (Ready et al., 1976).
Ato expression initiates in a broad band just anterior to the
furrow before reﬁning into intermediate groups and eventually
into individual presumptive R8s. While all three reporters over-
lapped with Ato expression in the presumptive ocelli, their
expression in the R8 proneural domain differed subtly (Fig. 1F
and G and Fig. S1C). GFP expression driven by nmo-AtoRE-GFP
overlaps with the posterior most domain of Ato expression,
which has resolved into presumptive R8s (Aerts et al., 2010). It
then persists with variable expression posterior to the furrow in
predominantly R8 photoreceptor cells (Fig. S1D). Nmo-GFP
expression initiates just posterior to early Ato expression and is
expressed at high levels in a band that spans the proneural
domain. Nmo-GFP levels then drop and remain low in the
posterior half of the disc in both ommatidial and interommatidial
cells (Fig. 1G and Fig. S1E). nmo-LacZ initiates after Ato expression
Fig. 2. nmo expression is regulated by members of both proneural families. (A) nmo-lacZ is expressed in Ato and Asc domains, as indicated by arrowheads. (B) nmo-lacZ is
lost from all Asc derived SOPs in sc10-1wing discs but expression remains in the SOP also derived from Ato (arrowhead). (C) nmo-lacZ (detected with anti-β-gal antibody) is
lost in GFP-marked ato1 MARCM clones in the eye disc. (D–G) Restricted ectopic expression of nmo-AtoRE-GFP in an L3 wing disc is seen after expression of the following
transgenes using Ptc-Gal4: (D) UAS-Ato, (E) UAS-Atoh1, (F) UAS-Ac and (G) UAS-Sc. Ectopic expression of nmo-lacZ is seen after driving the following transgenes using Ptc-Gal4:
(H) UAS-Ato, (I) UAS-Atoh1, (J) UAS-Ac and (K) UAS-Sc. (L) NIH/3T3 cells transfected with pCS2-Atoh1 and pCMV-Ascl1 show elevated levels of endogenous Nlk compared to
control untreated cells. β-Tubulin is used as a loading control.
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in intermediate groups and persists in all PRs in the posterior half
of the disc (Fig. S1C). The broad expression of nmo-AtoRE-GFP and
nmo-LacZ in the posterior half of the disc is most likely due to
perdurance of β-Galactosidase (β-Gal) and GFP. Variation in
expression at the furrow between the Nmo-GFP protein trap
and the two enhancer traps, nmo-LacZ and nmo-AtoRE-GFP, may
reﬂect differences in post-transcriptional dynamics of the fusion
protein with β-Gal and GFP. These data demonstrate that nmo is
expressed in proneural domains that are speciﬁed by both
proneural factor families.
Both proneural families regulate nmo expression in vivo
Given nmo's expression in proneural domains (Fig. 2A), we
tested whether nmo is a proneural target through loss and over-
expression of members of both proneural families. nmo-lacZ
expression is absent from all Asc-derived SOPs in achaete (ac) and
scute (scute) double mutant (sc10-1) wing discs (Fig. 2B) and from ato
loss-of-function clones (ato1/1) in the eye disc (Fig. 2C). Previously,
Aerts et al. (2010) demonstrated that Ato, but not Sc, overexpression
could induce ectopic GFP from nmo-AtoRE-GFP. Here we conﬁrm
these results in the wing disc with Ato and Sc overexpression under
the Patched (Ptc)-GAL4 driver (Fig. 2D and G). Additionally, we show
that while Achaete (Ac) overexpression cannot induce ectopic GFP
(Fig. 2F), overexpression of mammalian Atonal homolog 1 (Atoh1)
can (Fig. 2E). Next, we tested the ability of members of both
proneural families to induce nmo-LacZ expression. Consistent with
the Ato and Asc loss of function data, and in contrast to the
restricted expression from nmo-AtoRE-GFP, we found that over-
expression of Ato, Atoh1, Sc and Ac using the Ptc-GAL4 driver
induced ectopic nmo-lacZ in the wing disc in all cases (Fig. 2H–K).
While members of both proneural families could induce nmo-
LacZ expression, only Ato members were able to induce nmo-
AtoRE-GFP expression. Combined with nmo’s expression in both
proneural family domains and the proneural loss of function data
for both families, this suggested that nmo may be a shared
proneural target that is regulated independently by Ato and Asc
family members. This is intriguing given that the consensus
sequence (RACASCTGY) used to identify Ato-E-boxes by Aerts
et al. (2010) was originally identiﬁed as an Asc binding motif by
Stark et al. (2007). We set out to identify Asc E-box binding sites at
the nmo locus ﬁrst with the commonly used Asc E-box consensus
sequence, GCAGSTGK (Powell et al., 2004). We identiﬁed a number
of putative E-box binding sites with this consensus sequence
(Table S1; Fig. S2A shows sites identiﬁed in intron 2 only; green).
Given the sequence similarity, several of these, not surprisingly,
overlapped with predicted Ato E-boxes, including Ato E-box 8. In
order to use more stringent conditions to identify putative Asc E-
box binding sites we used the 13 bp Asc E-box consensus sequence
previously deﬁned by Singson et al. (1994) GCAGGTGKNNNYY. This
search identiﬁed 1 putative binding site, which was also identiﬁed
by the less stringent search conditions, and which we refer to as
Asc-E. (Table S1; Fig. S2A).
We next tested the ability of proneural factor-E-protein hetero-
dimers (Ato-Da or Sc-Da) to bind these sites in vitro. We found
that while Ato-Da heterodimers were able to bind nmo’s AtoE8
(Fig. S2B) and Sc-Da heterodimers were able to bind nmo's Asc-E
(Fig. S2C) in an E-box dependent manner, the reciprocal binding
experiments were also positive i.e. Ato-Da and Sc-Da heterodimers
were able to bind nmo’s Asc-E (Fig. S2D) and nmo’s Ato-E8 (Fig.
S2E), respectively. This suggests that although nmo expression in
proneural domains appears to be controlled independently by
both proneural families, at least for the case of the two sequences
tested (Ato-E8 and Asc-E), DNA sequence does not confer pro-
neural factor speciﬁcity in vitro.
We hypothesized that nlks may be conserved proneural targets
given the dramatic cross-species conservation demonstrated by
Atoh1 induction of nmo. Mammals have four E-protein homologs
that are thought to confer tissue speciﬁcity, and the details of
which E-proteins heterodimerize with which proneural factors
remain poorly characterized (Bertrand et al., 2002; Flora et al.,
2007). NIH/3T3 mouse embryonic ﬁbroblasts have previously been
shown to have endogenous E-protein activity (Flora et al., 2007).
Therefore, we tested our hypothesis by transfecting mouse NIH/
3T3 cells with the murine homologs, Atoh1 and Achaete-scute
complex homolog 1 (Ascl1) separately, and examining endogenous
Nlk protein levels. As in the case of Drosophila, members of both
proneural families were able to induce endogenous Nlk expression
(Fig. 2L and M). This suggests that nmo/ nlk is a conserved target
gene common to both proneural structural families.
Nmo promotes proneural reﬁnement
After ﬁnding that nmo expression was regulated by proneural
genes, we were interested in determining Nmo’s function, if any,
during neurogenesis and analyzed nmo / adults for neurogenic
defects. Photoreceptor neurogenesis in the eye is directed by Ato
and begins with speciﬁcation of the founding R8 photoreceptor
(Jarman et al., 1995). Examining nmo/ adult eyes by confocal
microscopy detecting auto-ﬂuorescence showed the presence of
fused ommatidia compared to wildtype (Fig. 3A and B), suggesting
defects in cell speciﬁcation.
Photoreceptor neurogenesis initiates in the L3 eye disc. In
wildtype L3 eye disc tissue Ato is ﬁrst expressed in all cells just
anterior to the MF as a consequence of Hedgehog and Notch
signaling (Baker and Yu, 1997; Borod and Heberlein, 1998;
Dominguez and Hafen, 1997; Sun et al., 1998); this is termed the
proneural ‘selection’ phase. Following selection is the ‘reﬁnement’
phase, wherein Ato expression is progressively restricted into
regularly spaced clusters of about 10 cells (intermediate groups,
IGs). These are further restricted, in a Notch dependent manner
(Baker et al., 1996), into R8 equivalence groups (EGs) of about 3
Ato-positive cells with apical nuclei and ﬁnally into individual R8
precursors, which retain Ato expression for 2–4 rows in a stag-
gered pattern (Fig. 3C–E and Fig. S3A) (reviewed in Roignant and
Treisman, 2009). This counterintuitive switch in the effects of
Notch signalling on ato expression from positive to negative
corresponds with a switch in the enhancer element used to
regulate ato expression (Baker and Yu, 1997; Baker et al., 1996;
Sun et al., 1998).
Consistent with nmo / adult phenotypes, eye tissue mutant
for nmo (or expressing RNAi against nmo) showed defects in
Ato expression and reﬁnement (Fig. 3C–E and Fig. S3A). There is
a mild delay in the onset of Ato expression relative to wildtype
tissue (Fig. 3C–E). However, Ato expression levels in the selection
phase once initiated are comparable with wildtype tissue. Ato
reﬁnement in nmo mutant tissue is perturbed such that its
reﬁnement into EGs (delineated by high Ato expression in 3
apical nuclei) and individual R8s was incomplete, often resulting
in spacing defects between R8s (Fig. 3C–E and Fig. S3A). Con-
versely, overexpression of Nmo resulted in reduced Ato expres-
sion, with loss of IGs and EGs (Fig. 4F and Fig. S2B).
Having examined Nmo’s effects on Ato-derived photoreceptors,
we next examined the Asc-derived external sensory bristles of the
notum. A wildtype ﬂy notum has tightly regulated macrochaete
numbers and positions (Fig. 4A). nmo / adult nota showed a gain
of dorsocentral and postalar bristles in 70% of ﬂies (n¼23) versus
2% in controls (n¼50) (Fig. 4B). Drosophila adult external sensory
organ development occurs during the larval and pupal stages.
Proneural factors are expressed in broad domains (proneural
clusters) before being reﬁned by N-mediated lateral inhibition
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(Bertrand et al., 2002; Kiefer et al., 2005). After lateral inhibition
has selected an individual SOP, it divides into a pIIa and a pIIb cell
(Bardin et al., 2004; Knoblich, 2008; Roegiers and Jan, 2004). The
pIIa lineage gives rise to the hair and socket while the pIIb lineage
gives rise to an apoptotic glial cell, the neuron and the sheath. The
divisions that follow establishment of the pIIa and pIIb cells from
the mother SOP are asymmetric cell divisions due to the asym-
metric segregation of the Numb and Neuralized proteins into a
single daughter cell; these factors bias Notch signalling activity to
set up distinct daughter cells fates (Bardin et al., 2004; Knoblich,
2008; Roegiers and Jan, 2004). A gain of bristle phenotype can
therefore be the result of perturbations to proneural reﬁnement or
due to fate changes caused by perturbations to asymmetric cell
divisions (Mummery-Widmer et al., 2009).
To determine if proneural factor expression is perturbed we
examined Ac expression in nmo / discs. Consistent with nmo /
adult phenotypes, Ac reﬁnement in SOPs is perturbed in nmo /
discs. In mid-L3 wt discs (6 h before pupariation), Ac expression
in SOPs is normally found in varying stages of reﬁnement; late
stages of reﬁnement are visible by high Ac expression in individual
cells with low expression in neighbours (Fig. 4C). These patterns
were not observed in nmo / discs, where Ac expression
remained broad and did not peak in individual cells (Fig. 4D).
Next we tested the effects of Nmo overexpression on Ac
expression and on external sensory organ development. Over-
expressing Nmo under the control of the SOP driver, Scabrous
(Sca)-Gal4 (expression pattern shown in Fig. S4A), results in loss of
Ac in the notum part of the wing disc (Fig. 4E), as well as notum
and scutellum bristle loss and empty sockets in 100% of adults
(n¼50) versus 0% in controls (Sca4GFP; n¼25) (Fig. 4F). Similarly,
overexpressing Nmo under the Apterous (Ap)-Gal4 driver, which
drives expression as early as L2 in the dorsal compartment of the
disc (Milán and Cohen, 2000), also resulted in reduced Ac expres-
sion in the disc (Fig. 4G) and in bristle loss in 100% of adults
(n¼27) compared to 0% in controls (Ap4GFP; n¼30); empty
sockets were observed at much lower frequency (48%) compared
with overexpression under Sca-Gal4 (100%) (Fig. 4H). Notably,
overexpression of a kinase dead form of Nmo was unable to
induce bristle loss (Fig. S4B), indicating that Nmo’s kinase activity
is required for its function in neurogenesis.
We tested for functional conservation by overexpressing
human Nlk in the Drosophila wing disc with Sca-Gal4 and found
that similar to Nmo, Nlk overexpression results in mild bristle loss
and empty sockets in 60% of adults (n¼20); versus 0% in controls
(n¼25) (Fig. 4I). Bristle loss was much more penetrant with the
Ap-Gal4 driver (100% compared to 0% in controls; n¼25 and 30,
respectively) (Fig. 4J). As with Nmo, Nlk’s kinase activity is
required since overexpressing a kinase dead Nlk did not induce
bristle loss, instead 30% of adults (n¼33) showed bristle duplica-
tions similar to nmo / suggesting that it may act as a dominant
negative (Fig. S4C).
The presence of empty sockets in Sca42xNmo and Sca4Nlk
overexpression ﬂies indicated that the later stages of external
sensory organ development dependent on asymmetric cell divi-
sion may be perturbed. While Nmo-GFP expression is detected in
proneural clusters and individual SOPs still expressing proneural
Fig. 3. Nmo promotes proneural reﬁnement during photoreceptor neurogenesis. (A) Maximum projection of confocal sections detecting autoﬂuorescence of a wildtype (wt)
and (B) nmo / adult eye. In addition to square ommatidia, nmo / eyes have fused ommatidia (arrows). Ato expression in nmo/ mosaic tissue marked by the absence of
GFP in somatic clones (C) or the presence of GFP in MARCM clones (D). In both instances Ato initiation is mildly delayed and reﬁnement into individual R8s is perturbed.
(E) Ato expression in an eye disc in which Nmo is knocked down in half the disc by RNAi under the control of the Mirror-Gal4 driver (marked by the presence of GFP). In wt
tissue Ato expression begins at low levels in the anterior (left), increasing as it is reﬁned into intermediate groups (IGs) and equivalence groups (EGs; arrowheads) before
being expressed in a staggered pattern of individual R8s. When Nmo is knocked down, there is a mild delay in the onset of Ato expression; EGs, marked by apical cells
expressing high levels of Ato are never observed and multiple R8s persist (arrows). (F) Actin ﬂipout clone expressing 2 copies of UAS-Nmo, marked by the presence of GFP,
shows reduced Ato expression, relative to surrounding wt tissue and greater spacing between individual R8s.
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factors during the larval stages in the presumptive notum (Fig. S1A
Fig. 4K), surprisingly, we were unable to detect GFP expression
during the stages of asymmetric cell divisions in the pupa (data
not shown). The lack of GFP expression at these stages suggests
that Nmo is unlikely to contribute to asymmetric cell divisions in
the pIIa and pIIb lineages under normal conditions. Therefore, the
gain of bristle phenotype observed in nmo / ﬂies likely maps to
perturbed proneural reﬁnement that results in the selection of
multiple neuronal cells rather than a single neuron. Overall these
data are consistent with a global and conserved role for Nmo in
promoting proneural reﬁnement during neurogenesis.
Nmo promotes N-mediated lateral inhibition during R8 speciﬁcation
Impaired N signaling usually underlies proneural reﬁnement
defects (Cau and Blader, 2009). Since previous reports indicated
that Nmo interacts with the N pathway (Ishitani et al., 2010;
Verheyen et al., 1996), and we observe proneural reﬁnement
defects in nmo mutants, we investigated whether Nmo may
function during N-mediated lateral inhibition. We chose to focus
on Nmo’s effect on Ato reﬁnement in the eye. While loss of nmo
phenocopies perturbed N signalling, Nmo and N may act in
parallel on proneural reﬁnement. In order to determine whether
Nmo regulates N signalling we tested whether the canonical N
targets, the Enhancer of split (E(spl)) proteins (Jennings et al.,
1994) and the eye-speciﬁc N target, Da (Lim et al., 2008) are
affected in nmo / clones. Using an antibody (mAb323) that
detects four E(spl) proteins (mδ, mγ, mβ, m3) (Jennings et al.,
1994), we ﬁnd a reduction in E(spl) levels in nmo / clones
(Fig. 5A and Fig. S5). Additionally, Da is reduced in nmo / clones
(Fig. S6A). This suggests that during proneural reﬁnement Nmo
may function in part through regulation of the N pathway rather
than through a parallel pathway.
Therefore, we asked whether increasing N activity in nmo /
clones could rescue defects in Ato reﬁnement. We used the Mosaic
Analysis with a Repressible Marker (MARCM) technique (Lee and
Luo, 2001) to express either the constitutively-active Nicd or RNAi
against the N antagonist, Hairless (H), in nmo / mutant clones
(Fig. 5E and F). N hyperactivity alone in MARCM clones, using
either UAS-Nicd (Fig. 5C) or UAS-HRNAi (Fig. 5D), results in pre-
cocious Ato expression ahead of the MF followed by a rapid
attenuation of Ato-positive cells within the MF and a consequent
loss of R8 precursors; this is because Notch signaling switches
from ﬁrst promoting Ato expression to repressing it via lateral
inhibition (Baker and Yu, 1997; Baker et al., 1996; Sun et al., 1998).
Strikingly, increasing Notch activity in nmo / MARCM clones
suppresses this phenotype to produce a near wildtype pattern of
Ato expression (Fig. 5E and F). Ato is more reﬁned than in wildtype
control clones, as discrete EGs are now observed, which ultimately
resolve into individual R8s more frequently (Fig. 5E and F),
providing strong evidence that Nmo positively inﬂuences N-
mediated lateral inhibition to reﬁne proneural expression during
neurogenesis.
Our ﬁndings suggest that Nmo is a positive regulator of N
signalling. This is in contrast to the work of Ishitani et al. (2010),
which found that in Zebraﬁsh phosphorylation of Nicd by Nlk
Fig. 4. Nmo promotes proneural reﬁnement during external sensory organ neurogenesis. (A) Adult wt notum. (B) 70% of nmo / adults have dorsocentral and postalar
bristle duplications (arrows; two separate nota are shown). (C) Ac expression in an L3 wt wing disc is found to peak in the sensory mother cells, see boxed inset for zoomed
image. (D) Peaked expression of Ac in a nmo / wing disc is not observed, see boxed zoom. (E) Ac expression is reduced in SOPs when 2 copies of Nmo are expressed under
the SOP speciﬁc Scabrous (Sca)-Gal4 driver. (F) Sca42x Nmo adults show variable loss of bristles (white arrows) as well as empty sockets (yellow arrow). (G) Ac expression is
reduced in SOPs when one copy of Nmo is expressed under the early dorsal compartment driver Apterous (Ap)-Gal4. (H) Ap4Nmo adults show variable loss of bristles (white
arrows). (I) Sca-Gal4 driving vertebrate Nlk also results in loss of bristles and empty sockets. (J) Similarly, Ap4Nlk results in loss of bristles. (K) A magniﬁed view of wing disc
Asc-SOPs show that Nmo-GFP levels correlate with levels of Ac i.e. high levels of Nmo-GFP are found in the sensory mother cell, which express the highest levels of Ac.
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inhibits formation of the active transcriptional complex in the signal-
receiving cell. Therefore, we explored whether differences in Nmo’s
mode of N regulation during Drosophila neurogenesis could account
for this discrepancy. In developing macrochaete SOPs of the wing disc,
Nmo-GFP levels correlate with proneural factor levels in SOPs; i.e. high
Nmo-GFP expression is found in the neural progenitor or signal-
sending cell (Fig. 4K). This suggests that during Drosophila neurogen-
esis Nmomay function in the signal-sending rather than receiving cell.
The mere presence of Nmo in the signal-sending cell, however, does
not conﬁrm a functional requirement in this cell. Therefore, we
examined whether components of the N signalling pathway are
perturbed in tissue mutant for nmo or in which Nmo has been
knocked down. We examined the secreted glycoprotein Scabrous
(Sca), which affects the range of N signalling (Lee et al., 1996;
Renaud and Simpson, 2001), Dl-LacZ, Dl, and N (by antibodies that
detect the extracellular domain {ecd} and intracellular domain {icd} of
the receptor) in nmo / mosaic tissue or nmoRNAi expressing tissue.
While the expression patterns of Sca, Dl-LacZ, Necd and Nicd appear
unchanged in nmo / clones (Fig. S6B–E), Dl expression patterns are
perturbed (Fig. 6A and Fig. S6F and G). The pattern of Dl accumulation
has been extensively described by Parks et al. (1995). Dl is ubiquitously
expressed within the furrow, from where it emerges in photoreceptor
pre-clusters (presumptive IGs and EGs) (Overstreet et al., 2004; Parks
et al., 1995). The majority of Dl protein is detected in apical endosomal
vesicles in clusters exiting the furrow. It continues in differentiating
photoreceptor cells in a stereotypical manner that correlates with row
number (Parks et al., 1995). We examined Dl protein in tissue inwhich
Mirror-Gal4 drives the expression of NmoRNAi in the dorsal compart-
ment of the eye disc; here, the onset of Dl is mildly delayed and, unlike
in wildtype tissue, expression in clearly deﬁned clusters is not
prominent (Fig. 6A). These data suggest that Nmo may promote N
signalling, at least in part, via the regulation of Dl at the protein level.
Discussion
We have shown that nmo is expressed in Ato- and Asc-
dependent proneural domains and that expression of nmo and
its mammalian homolog Nlk is regulated by members of both
proneural families, suggesting that nmo is a conserved common
proneural target. In support of these results, nmo and nlk were hits
in two recent genome-wide screens aimed at identifying targets of
Ato and Ascl1, in Drosophila and mouse respectively (Aerts et al.,
2010; Castro et al., 2011). Additionally, we ﬁnd that downstream of
proneural factors, Nmo promotes proneural reﬁnement via Notch-
mediated lateral inhibition. Our study deﬁnes a feedback loop in
which proneural factors promote high levels of nmo expression in
the neural progenitor followed by a novel role for Nmo in
promoting N-mediated lateral inhibition to restrict proneural
expression in adjacent cells, thus contributing to the robust
selection of an individual neural cell.
Nmo and Notch-mediated lateral reﬁnement
Common proneural targets include both pan-neuronal genes and
genes that aid in the reﬁnement process known as lateral inhibition
(Bertrand et al., 2002). This Notch-dependent process, in which a
single neural progenitor is selected from among a proneural cluster, is
essential for proper neuronal speciﬁcation across species (Bertrand
et al., 2002). Nmo was previously identiﬁed for its genetic interactions
Fig. 5. Nmo promotes Notch mediate lateral inhibition during photoreceptor neurogenesis. (A) Expression of the canonical N target, E(spl) is reduced in nmo / somatic
clones (marked by the absence of GFP and indicated by dashed line). (B) Ato reﬁnement is disrupted, and R8s fail to emerge in nmo / MARCM (GFP-positive) clones. (C)
Tub4Nicd and (D) Tub4HRNAi MARCM clones (GFP-positive) induce precocious Ato ahead of the MF, as well as rapid downregulation of Ato and loss of R8s. (E) Ectopic
activation of the Notch pathway in nmo /þTub4Nicd and (F) nmo /þTub4HRNAi MARCM clones partially rescues Ato reﬁnement.
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with the N-pathway (Verheyen et al., 2001, 1996). Indeed, we ﬁnd
reduced Notch targets and gain of neural cell types in tissue mutant
for nmo, a phenotype that is rescued by Notch hyperactivity. We
observe that Nmo-GFP expression is highest in the signal-sending cell,
the same cell in which proneural factors activate expression of their
core target Dl (reviewed in Roignant and Treisman, 2009) and that Dl’s
expression pattern is perturbed in nmo / clones in the eye disc.
While these data do not exclude a possible role for Nmo is the signal-
receiving cell, they support a role for Nmo as a regulator of Dl in the
signal-sending cell and as a positive regulator of Notch signalling. Our
data indicate that Nmo/Nlk’s kinase activity is essential for its function
during proneural reﬁnement. Future studies are needed to determine
the speciﬁc mode of Dl protein regulation by Nmo and whether Nmo
functions in the signal-receiving cells. Irrespective of this, our results in
Drosophila indicate that Nmo acts as a positive regulator of neurogen-
esis, a surprising result given that Ishitani et al. found that Nlk inhibits
formation of the Notch active transcriptional complex resulting in
impaired neuroblast formation in zebraﬁsh (Ishitani et al., 2010). These
differences may represent species-speciﬁc divergence in Nlk function
or may reﬂect differential expression in the signal-sending versus
receiving cell during neurogenesis.
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